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Harnos, Stephen. M .S., December 1981 Chemistry
A Study of the Ambiphilic Nature of 1 ,2-Cyclohexadiene (64 pp.) 
Director: Edward E. Waali
This research involved the study of the reaction of 1,2-cyclo- 
hexadiene with various substituted styrenes that contained electron- 
withdrawing or electron-donating groups. Competition reactions 
involving a lim ited  amount of 1 , 2 -cyclohexadiene with an excess 
mixture of styrene and the substituted styrene were conducted. The 
product mixture was analyzed quantitative ly  by using gas liqu id  
p a rtitio n  chromatography. The re la tive  rates of reaction of the 
allene with the styrene were calculated and a Hammett equation plot 
was constructed. The resulting graph showed deviation from lin e a r­
i ty  which can be used to indicate the ambiphilic nature of the 
cycloaddition reaction.
A second phase of th is  study involved semiempirical molecular 
o rb ita l calculations using the MNDO method to determine the ground 
state geometry of the allene. In the singlet structure, these 
calculations showed a bent and twisted allene possessing an 
approximate C2  axis of symmetry. The t r ip le t  allene was found to 
possess an approximate m irror plane of symmetry. Additional ca l­
culations on the substituted styrenes gave energy values fo r the 
fro n tie r  molecular o rb ita ls . Frontier molecular orb ita l theory 
predicted an ambiphilic nature fo r the cyclic allene.
The data presented appears to indicate an ambiphilic behavior of
1 , 2 -cyclohexadiene, and th is  allene can now be added to the very 
few intermediates capable of exhibiting am biphilicity. The tech­
niques and methodology can be extended to other allene systems to 
find  the dividing lin e  between e lectroph ilic  and nucleophilic 
behavior.
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I  have found i t ! !
What?
A place where the mountains meet the sky 
And the stars are so bright 
You can almost read by the lig h t  
I t 's  called Montana.
To my eventual return 
Please keep i t  beautifu l.
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Chapter I 
INTRODUCTION
Considerable in te res t has been expressed in various carbenes and 
aliénés over the past twenty years.^ One aspect o f p artic u la r in trigue  
has been in the area o f cyclic  carbene systems. Substantial e ffo r t  has 
focused on the theoretical prediction and subsequent investigation of 
the properties o f three, f iv e , s ix , seven, and nine membered rings in ­
corporating a carbene or allene moiety. Although the t i t l e  compound,
1 , 2 -cyclohexadiene, is  a strained a llen e , th is paper begins with a d is­
cussion o f carbenes followed by an analysis of allene systems. The 
reasons fo r th is  approach become evident in a la te r  section of th is  
manuscript.
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Cyclic Carbene Systems
Before examining the various cyclic  carbene systems, a description  
of the geometry and electron ic structure o f the simplest member of the 
carbene series , methylene, can lay the foundation fo r fu rther study. 
Carbenes may be defined as n eu tra l, d ivalent carbon intermediates. The 
carbene carbon is  linked to two adjacent groups by covalent bonds, and 
possesses two nonbonding electrons which may have p ara lle l spins ( t r ip ­
le t  s ta te ) or a n tip a ra lle l spins (s in g le t s ta te ). The electronic  
structure o f the t r ip le t  (^) and the singlet (%) are given below.
(1 ) (2)
T r ip le t  carbenes may be considered diradicals and are expected to
exh ib it a re a c tiv ity  s im ila r to that o f other species having unpaired
electrons such as free rad ica ls . Although sing let carbenes are electron
d e fic ie n t species containing a vacant p o rb ita l,  they possess a pa ir of
nonbonding electrons located in the o rb ita l perpendicular to the vacant 
2
p o rb ita l. Therefore, the s in g le t has the potential to act in the 
capacity o f a nucleophile or an e lectroph ile  depending upon the a b i l i ty  
of adjacent groups to donate or withdraw electron density to the carbene 
center, and the electron donating or withdrawing a b il i ty  o f the alkene 
with which i t  reacts.
One of the more common reactions o f carbenes is th e ir  addition to  
alkenes. The usual course of the reaction results in the formation of a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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cyclopropane d e riv a tiv e , an observation that holds true fo r both the 
s in g le t and the t r ip le t  s ta te . Although s im ilar products resu lt from a 
sin g le t or a t r ip le t ,  there can be d is tin c t differences in the stereo­
chemistry o f the products. With a s ing le t carbene, a concerted mechanism 
is possible. As a re su lt o f the one step mechanism, the stereochemistry
I ^  c
. c x Y
o rig in a lly  present in the alkene is retained in the cyclopropane. With 
the t r ip le t  carbene, a d irad ical is formed and in order for ring closure 
to occur w ith in  the intermediate a spin inversion must f i r s t  take place.
/ *
*
X .. / Y
c
Since the ra te  o f spin inversion is thought to be slow re la tiv e  to the 
ro tation  about single bonds, the products formed from a t r ip le t  carbene 
are a mixture o f stereoisomers.^
Another reaction associated with s in g le t carbenes is  the insertion  
of the carbene carbon into  a single bond. There is evidence that th is
RCH ♦ C H  f4 >  RC --------> R C C H H
3 2 \ , 3 2\ /
b 'H ,
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reaction proceeds through a concerted three center mechanism without a
detectable interm ediate.^ This reaction is  characteris tic  o f carbenes
and is  often used to im plicate the existence of a carbene intermediate.
fi
In 1957, Gallup calculated the ground state energy of the s ing le t 
and t r ip le t  states o f methylene versus the bond angle. His conclusion 
was th a t in  a ll  cases, the t r ip le t  is of lower energy than the sing let 
with a minimum energy at approximately 160° (H-C-H bond angle). These 
calculations have been confirmed by others and reviewed by Harrison.^ 
This in it ia te d  a l iv e ly  debate as to the exact nature of the methylene 
intermediate since previously the chemistry o f the intermediate was
O
explained in terms o f the s ing le t s ta te .
9The ensuing controversy was not resolved u n til Hoffmann explained 
the s p e c if ic ity  o f s ing le t and t r ip le t  methylene additions to ethylene 
in terms o f the spatia l part o f the wave function. Basing his argument 
on o rb ita l symmetry re s tr ic tio n s , he observed that the symmetrical addi­
tion  o f the s ing le t is a forbidden process (Figure 1, part b ). Since 
the s in g le t addition is the observed process, i t  should not occur in a 
highly symmetrical manner but in an unsymmetrical fashion (Figure 1, 
part a ). This discovery prompted a detailed  theoretical exploration of 
the geometry o f the various approaches o f methylene to ethylene.
Hoffmann concluded that the s in g le t carbene adds to double bonds because 
i t  can co rre la te  with the lowest s in g le t configuration o f the product, 
cyclopropane. The t r ip le t  carbene does not add in a concerted fashion 
to  the ground state ethylene because i t  would need an excited configu­
ra tion  o f the ethylene in order to corre la te  w ith the wave functions o f 
the product.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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A  ,
CSfo
H ..
(a )  (b)
Figure 1. The unsymmetrical (a ) addition of s in g le t carbene to  
ethylene and the symmetrical (b) addition leading to  
a tra n s itio n  state  o f higher energy.
The behavior o f s in g le t carbenes in th e ir  addition to alkenes has 
been o f considerable importance in  determining the e le c tro p h ilic  or 
nucleoph ilic  character o f the carbene. T yp ica lly , two alkenes are 
allowed to  compete fo r  an insu ffic iency o f carbene, and then the product 
mole r a t io  o f the corresponding cyclopropane is  measured and a re la t iv e  
r e a c t iv ity  ra t io  is  determined. From a knowledge of the nature o f the 
alkene, ( i . e . ,  the electron  donating or withdrawing properties o f the 
substituents) and the product r a t io ,  one can determine the preference o f 
the carbene to  react w ith  electron  d e fic ie n t or electron rich  alkenes.
g
Skell and Garner employed th is  method to  determine th at dibromocarbene 
is e le c tro p h il ic ,  Doering and H e n d e rs o n ,u s in g  the same procedure, 
found th a t  dichlorocarbene is  also e le c tro p h ilic .
In  1980, Moss reported a general, em pirical co rre la tio n  o f carbene 
s e le c t iv ity  toward alkenes and applied fro n tie r  molecular o rb ita l (FMO)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
theory to  his f i n d i n g . H e  studied the re la tiv e  re a c tiv it ie s  of various 
substituted carbenes toward alkenes under comparable conditions of sub­
s tra te  s e t, temperature, and generative method of the carbene. The 
s e le c t iv ity  o f a carbene could be em pirically  related to the contribu­
tions due to resonance and inductive effects  of substituents on the 
carbene according to the following equation:
m = -1 .10  E a + .53 E Ot -.31
^  x,y R+ x,y I
1  ?where m is carbene s e le c tiv ity  index, and a . and a  are the con- 
t r i butions due to resonance and inductive e ffe c ts , respectively, of sub­
s titu en ts  X and y attached to the carbene. His work also examined the 
ro le  o f the lowest unoccupied molecular o rb ita l (LUMO) and the highest
occupied molecular o rb ita l (HCMO) of the carbene and the alkene accord-
13ing to ab in i t io  computations. FMO theory, states that the addition  
of a s in g le t carbene to an alkene involves simultaneous interactions of 
the vacant p o rb ita l of the carbene (LUMO) with the HOMO of the alkene, 
and the HOf̂ O o f the carbene with the vacant tt*  o rb ita l o f the alkene 
(LUMO). Although the s in g le t carbene is p o te n tia lly  both an e lec tro - 
phi le  and a nucleophile, the LUMO carbene/HOMO alkene or the LUMO alkene/ 
HOMO alkene in teraction  determines the o rb ita l configuration in the 
tra n s itio n  s ta te . In other words, the dominant o rb ita l in te raction , and 
thus the s e le c t iv ity  of the carbene, is  determined by the d iffe re n tia l 
energies o f the two HOMO/LUMO in teractions. For example, consider the 
case where the LUMO of the carbene/HOMO of the alkene is the dominant 
in te ra c tio n  illu s tra te d  in Figure 2, part a. When th is  occurs the 
charge d is tr ib u tio n  in the tran s itio n  s ta te , as shown in Figure 2 , part b.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
affords an e le c tro p h ilic  addition of the carbene,
A
carbene
Figure 2.
LUMO
LUMO
HOMO
HOMO
(a)
alkene
(b)
(a) The FMO energy d if fe re n tia l fo r e lec tro p h ilic  
addition of the carbene to an alkene. The LUMO of 
the carbene and HOMO of the alkene interaction is 
the dominant process, (b) The o rb ita l interaction  
fo r the e le c tro p h ilic  addition.
When the LUMO of the alkene and the HOMO o f the carbene interaction  
is governing the tran s itio n  s ta te , as illu s tra te d  in Figure 3, part a, 
then the charge d is trib u tio n  as shown in Figure 3, part b, is  obtained 
and the net resu lt is a nucleophilic addition.
A
f4
carbene
Figure 3.
LUMO
LUMO
HOMO
+4 HOMO
alkene
(a) (b)
(a) A nucleophilic addition of the carbene to an 
alkene where the HOMO o f the carbene and LUMO of 
the alkene is the dominant process, (b) The 
o rb ita l in teraction  fo r  the neucleophilic addition.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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A special s itu ation  develops when the two HOMO/LUMO separations are 
of comparable magnitudes. In th is  case, the electron ic nature of the 
addition can depend upon a s lig h t m odification o f the substituents on 
the alkene. Therefore a given carbene can behave as a nucleophile fo r 
some alkenes and an e lectrophile  toward other alkenes. This s ituation  
is i llu s tra te d  in  Figure 4. Carbenes exh ib iting  th is  behavior are 
termed am biphilic carbenes.
E lec tro p h iles Ambiphil es Nucleophiles
CH3 CCI
BrCCCOEt
r
0
CFCl
CCI,
CH3 OCF
CH30CN{CH3)2
(CHiOi-C
—I--------- 1--------- 1---------- 1--------- r
1.5 2.0 3.00.5 1.0
Figure 4. The carbene s e le c tiv ity  index of various carbenes 
as a method of predicting the behavior o f the 
carbene to a given set of alkenes.
A carbene can act as a nucleophile or an e lectrophile  depending 
upon the electron donating or electron withdrawing properties of the 
substituent groups as previously discussed. Incorporation of the car­
bene in to  a cy c lic  t t  electron system can also modify the electronic  
s e le c t iv ity  of a s ing le t carbene due to delocalization  of the tt  elec­
trons w ith the vacant p o rb ita l. In smaller cyc lic  systems the bond 
angle (H-C-H) a t the carbene center is  forced fu rther away from a lin e a r  
arrangement. Essentia lly  th is  leaves the p  ̂ o rb ita l which is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
perpendicular to  the plane o f bending unaffected. The p  ̂ o rb ita l,  which 
is  w ith in  the bending plane acquires s character and is s ta b ilize d . In 
the ensuing discussion th is  o rb ita l w il l  be referred to as a. The con­
jugation o f the p  ̂ o rb ita l o f the carbene (perpendicular to the plane of
Px
O
(3)
the r in g ) with the i t  electron system results in two categories o f car­
benes depending upon the number of tt  electrons (4n or 4n+2) in the poly­
ene fragment.
In the f i r s t  c la s s ific a tio n , the polyene contains 4n tt electrons.
The electrons of the carbene in the a o rb ita l can be promoted into the 
p  ̂ o r b ita l,  thus creating a stable aromatic system within the tt  system 
and e ffe c tiv e ly  lowering the overall energy of the system. The p  ̂
o r b ita l,  which is  essen tia lly  localized in methylene, is now involved in 
a delocalized tt system. Hence the carbene center loses electron density 
and is more e le c tro p h ilic . The a  o rb ita l is the vacant o rb ita l and 
tends to react p re fe re n tia lly  with electron rich  alkenes.
In the second c la s s ific a tio n , the 4n+2 polyene, the p  ̂ o rb ita l of 
the carbene aids in delocalization  of electron density from the ir system. 
The carbene electrons (by necessity) occupy the a  o rb ita l. Several 
systems f a l l  into th is  c la ss ifica tio n  as illu s tra te d  in Figure 5. In 
the cases exem plified, the carbenes exh ib it nucleophilic addition to 
electron d e fic ie n t alkenes.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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H
O  O
H
Figure 5. Examples of aromatic carbene systems capable 
o f exh ib iting  nucleophilic tendencies.
Based on these arguments, Hoffmann^^ predicted that the e lec tro ­
p h ilic  or nucleophilic character should a lternate  in the following  
series o f cyclic  carbenes:
(4) ( | )  (É)
The cyclopropenylidene (4 ) and cycloheptatrienylidene ( 6 ) should exh ib it 
nucleophilic p ro c liv ity  while cyclopentadienylidene (5) e le c tro p h ilic  
tendency.
The synthesis of cyclopropenylidene { ± )  has proved to be elusive.
One possible explanation to its  b a fflin g  behavior is the apparent a c id i­
ty  o f the ring hydrogen found in re lated  com pounds.N everthe less , the 
suppression of the normal e le c tro p h ilic ity  of a s inglet carbene by delo­
c a liza tio n  of electrons into  i ts  vacant p o rb ita l can be studied fo r the 
three membered ring system by studying one of the analogs, diphenylcyclo- 
propenylidene. Jones and coworkers^^ generated the diphenyl analog by 
base induced decomposition of the N,N-dimethyl-0-carbamate (2 )-  In the 
presence of dimethyl fumara te , an electron d e fic ien t alkene, the expected 
product would be a spiropentene ( 8 ) i f  the reaction does indeed proceed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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through a carbene. Jones' group also found that when cyclohexene, an 
electron rich  alkene, is substituted fo r the dimethyl fumarate no addi­
tion  product is  observed. In a competition reaction between equimolar
Ph O -C H
B a s e ,  A >
Di m e th y l  
Fumo ra te
(2) iÿ
amounts o f cyclohexene and dimethylfumarate, the y ie ld  o f the fumarate
adduct is  essen tia lly  unaffected. Consideration of th is  information led
to the conclusion that th is  reaction does involve a carbene intermediate
which is  formed by an a-e lim inating  mechanism.
18Kirmse, Horner, and Hoffmann studied the photolysis o f diazo- 
cyclopentadiene in saturated hydrocarbon systems. Analysis of the pro­
ducts showed carbon-hydrogen insertion products, which are characteris-
19t ic  o f the intermediacy of carbenes. Several years la te r .  Moss used 
the same method to generate the cyclic  carbene and subjected the in te r­
mediate to reaction with various unsaturated hydrocarbons including 
tetram ethylethylene, trim ethylethylene, cyclohexene, and styrene. His 
resu lts  did not confirm the predicted s e le c tiv ity  of the carbene in te r­
mediate. The re la tiv e  rates determined from the addition reaction show­
ed no e le c tro p h ilic  sequence, where the carbene selected highly alky­
la ted  o le fin s  at the expense of less substituted substrates. His work 
did reveal some s e le c tiv ity  on the part of the cyclic  carbene, but th is  
was ascribed to  a s te ric  discrim ination rather than an electronic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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d is tin c tio n .
The work on the s e le c tiv ity  o f cyclopentadienylidene (5) was con-ss
on
tinued by Durr and Wernsdorff. They described a cycloaddition of the 
interm ediate to styrenes containing para and meta substituents of d i f ­
ferent e lectro n ic  properties. The use o f para and meta substituted  
styrenes eliminated the s te r ic  e ffec ts  found in the work of Moss. The 
competition constants, k^^^, fo r  a mixture of styrene and substituted
styrenes in the presence o f the carbene, generated in s itu , were deter-
21mined. A p lo t o f log k^ -̂j versus the Hammett a  constants yielded a
reaction constant, p, with a negative slope (p = -0 .7 6 ) . The values
obtained confirm the e le c tro p h ilic  character o f the cyclopentadienyli-
dene interm ediate.
The generation of what was believed to be cycloheptatrienylidene
22(^) was reported by Jones and Ennis. In th e ir  work, the intermediate 
was formed by the decomposition of the sodium s a lt of tropone tosylhy- 
drazone (£ ) .  In the presence of dimethyl fumarate the corresponding 
spirononatriene (10) and heptafulvalene ( IJ )  were formed. Jones and
O C H 3
D im ethyl'
Fumarate
(11)(10)
Ennis^^ concluded that the is o la tio n  of the dimer and adduct (JO) 
strongly suggested the formation of the carbene i g )  under the reaction  
conditions employed. The absence o f addition products in the presence 
o f high concentration of electron rich  alkenes was consistent with the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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conclusion o f Hoffmann^^ that cycloheptatrienylidene should possess
nucleophilic tendencies.
The te s t once thought to confirm the predictions of Hoffmann fo r
the seven carbon intermediate came in 1972 with the work of Christensen,
23Waali, and Jones. The re a c tiv ity  of the intermediate was determined by 
allowing i t  to  compete fo r styrene and various substituted styrenes. By 
measuring the ra tio s  o f the products, a re la tiv e  rate of reaction was 
determined. Their results indicated a lin e a r correlation in the Hammett 
equation with a slope (p, reaction constant) of +1.05. Comparison o f 
th is  value with those o f typical e le c tro p h ilic  carbenes, such as -0.619  
fo r dichlorocarbene^^ and -0.38 fo r carbethoxycarbene,^^ indicated that 
th is  interm ediate is  acting in the capacity o f a nucleophile.
With the discovery that the dehydrochlorination of 1-ch ioro -1 ,3 ,5 -
cycloheptatriene ( 1 2 ) y ie lds heptafulvalene ( 1 1 ) the v a lid ity  o f the
=  = 2 6  
cycloheptatrienyl idene (Ê.) intermediate was questioned. Dehydrochlor­
ination  o f structure (12) should y ie ld  the a llen e , cycloheptatetrane (13 ). 
Cl
or
( 6 )
K ^  U M >  ( D )
(12) (13)
In the presence o f styrene and substituted styrenes, the intermediate 
derived from (9) and the intermediate from (J |)  also gave the cyclopro­
panation product (1 4 ). In competition reactions, essentia lly  the same
p value from the Hammett equation was found fo r both reaction sequences 
27(p = + 1 .0 2 ). This led to the conclusion that the same intermediate 
was responsible fo r the cyclopropanation products. INDO calculations by
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Jones and coworkers showed the allene intermediate (13) was more stable
(2) p = i.oŝ s A'-x
A r
(13) or ( 6 )
p = 1.0227 (14)
po
than the carbene intermediate ( 6 ) by 14 kcal/mol. MNDO calculations
by Waali showed that the allene (13) is  more stable than the carbene ( 6 )
29by 22.9 kcal/m ol. According to these calcu lations, there is  no energy 
b a rrie r present in the interconversion between the allene and carbene as 
i llu s tra te d  in Figure 6 . Since the carbene can read ily  be converted to 
the lower energy a llen e , the carbene is  inaccessible to chemical in te r ­
ception. The allene can successfully account fo r a l l  the chemistry 
previously ascribed to the carbene.
The la te s t cy c lic , completely conjugated carbene system to be added
to the l ite ra tu re  is cyclononatetraenylidene (15 ). The generation of
30th is  nine membered carbene was reported by Waali and Wright. The
( IJ )  ( IJ )
resu lts  indicated th at the electrons of the carbene are in the p o rb ita l
and delocalized throughout the rin g . The chemistry completed thus fa r
31on carbene (15) showed the involvement o f the t r ip le t  s ta te .
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Figure 6 . Heat of formation versus percent conversion 
fo r the conversion of cycloheptatrienylidene. 
to cycloheptatetraene. See reference 29 fo r 
additional information.
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1,2-Cyclohexadiene 
As indicated in Table 1, various studies o f the addition of car­
bones to substituted styrenes have been reported. The area of in te rest 
is  the reported change in slope of the Hammett equation between the 
f iv e  membered and seven membered cyclic  carbenes. A change in the sign 
o f the reaction constant, p, indicates a change in the trans itio n  state  
from e le c tro p h ilic  tendency of cyclopentadienylidene to the nucleophilic  
tendency of the in i t i a l ly  proposed eyeloheptatrienylidene. With the
discovery th at the chemistry of the seven membered ring may be due to
29cycloheptatetraene, the next area o f exploration and a crucial addi­
tion  to th is  series of carbenes and aliénés would be the six carbon 
interm ediate, 1 ,2-cyclohexadiene. This compound, postualted to ex is t as 
an a lle n e , would serve as a model system fo r study of other cyclic allene  
systems. I t  is the goal of the remainder of th is  paper to explore and 
discuss the behavior of th is  intermediate.
Carbene p Reference
(CHgjg C=C: -0 .75  (a) 38
iCClg -0 .62 (o+) 24
:CF? -0 .57 (o+) 39
O -0 .76 (a) 20
+1.05 (a) 23
+1.02 (a) 27
Table 1. Hammett studies fo r the addition of carbenes to styrenes.
O
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Several methods have been reported fo r the generation of 1 ,2-cyclo -
qio
hexadlene (1 9 ). Some of the e a r lie s t  work attempted the generation of 
the a lle n e  from 2,3-dichlorocyclohexene and zinc metal. The products
a: Zn C2 4 H3 2  + several halogenated compounds
were an uncharacterized species and several halogenated compounds.
Another attempt involved the dehydrochlorination o f 1 -chlorocyclohexene 
C l
NaNH,
Ô
polymeric m aterials
l iq  NH3  
33in  strong base. This endeavor resulted in  a large mixture o f polymeric 
m a te ria ls .
The successful generation o f 1 ,2-cyclohexadiene (19) from the action  
of potassium t-butoxide on 1-bromocyclohexane (17) was reported by W ittig  
and F r i tz e .^ *  The subsequent reaction with 1 , 3 -diphenyl[c]benzofuran
(18 ) to  y ie ld  exo and endo cycloaddition products (2 0 ). Further work by
or
Br
KOfBu, o Q
(17 ) (19) (20) exo & endo
W itt ig  and F r itz e  confirmed th at the allene was indeed generated and not
cyclohexyne ( ^ ) .^ ^  The reaction o f 1 ,2-dibromocyclohexene (21) with
magnesium in the presence o f (18) occurs to y ie ld  (2 3 ). Comparison o f products
(20 ) and (23) ind icate th at two d iffe re n t intermediates are generated.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
OC- O'
(21) (22)
(18)
One o f the more successful methods o f generation o f {^9) is the 
reaction o f 6,6-dibromobicyc1o[3.1.0]hexane (24) with methyllithium in 
ether. In  the absence of any trapping agents, at room temperature the 
reaction y ie ld s  mainly the dimer, t r ic y c lo [6 .4 .0 .0  * ]dodeca-2,12-diene 
(2 6 ), and a t low temperatures (-80°C) the major product is the tetramer
(24)
36
( g )  ( g )  -
( 2 7 ) 0 ” Of considerable importance is  the fac t that th is  reaction fa ils
to y ie ld  any products anticipated from a carbene intermediate ( ^ )  ( i . e . ,  
carbon hydrogen insertion products, and in the presence of 2 -methylpro- 
pene no cyclopropanation products such as (28) and (2 9 )) . With th is  
evidence in  mind and unequivocal structure determinations fo r ( ^ )  and
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(2 J ), Moore and Moser postulated that 1 ,2-cyclohexadiene (19) is  indeed 
the intermediate responsible fo r the dimer and tetramer products. A few 
years la te r ,  B ottin i and coworkers confirmed the structure fo r the dimer 
(26) generated from ( ^ )  and from other precursors.
The re la tiv e  re a c tiv it ie s  of the allene (19) with conjugated dienes 
and styrene was investigated by B o ttin i, H ilto n , and P lo tt.*^  They 
allowed the allene (T9) to react with furan, 2-methylfuran, 1 ,3-cyclo- 
hexadiene, 2,4-hexadiene, 2 ,3-d im ethyl-l,3-butadiene, 1,3-cyclopenta- 
diene, and styrene. From the data reported, i t  can be calculated that 
the re la t iv e  re a c tiv ity  o f 1,3-cyclopentadiene to furan is about 275:1. 
Since furan is an electron rich  alkene, one may conclude that 1 ,2-cyclo- 
hexadiene is  acting as a nucleophile, but because of possible d iffe re n t  
s te ric  factors involved in th is  comparison there are considerable uncer­
ta in tie s  involved. Therefore, a need exists fo r a more extensive study 
on the re a c tiv ity  o f th is  intermediate.
Moore and Moser studied the reaction o f (M )  with methyllithium in 
the presence of styrene as a trapping a g e n t . T h e  reaction yielded a 
2.2:1 ra t io  o f exo-7 -phenylb ic yc lo [4 .2 .0 ]o c t-l-en e  (30) and its  endo 
isomer (31 ):
( „ ) .  CH 3 U
(30) (31)
According to Moore and Moser, the formation of adducts ( ^ )  and ( ^ ) in 
high y ie ld s  substantiates the existence of (19) as the intermediate. 
Although they postulated a b irad ical intermediate in the addition of 
(19) to styrene, a concerted [ _ 2  + ( 2 _ + 2  ) ]  is  possible (vide
7T ^  iT  d  71 ^
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i n f r a ) . M o o r e  and Moser mentioned that no polystyrene is formed (an 
expected product o f any free  radical reac tio n ).
(19) Ph O l ■> (30) * (31)
Ph
42Several years la te r ,  Pasto postulated a concerted mechanism.  ̂ In 
the [^ 2 g + (^ 2 g + ^2 g )] process, one p o rb ita l of the diene (styrene in 
th is  case) interacts with a p o rb ita l o f the a llene. Then the other p 
o rb ita l o f the diene interacts w ith the p o rb ita l of the allene in a 
perpendicular manner as illu s tra te d  in Figure 7. Rotation along the 
allene linkage occurs to give the product. Two s tructura lly  
d iffe re n t tra n s itio n  states are possible fo r th is  process. The f i r s t  
involves coaxial overlap of a p o rb ita l on a terminal carbon of the 
allene (Figure 7, part a ) ,  and the second involves coaxial overlap with 
a p o rb ita l on the central carbon of the allene (Figure 7, part b).
terminal coaxial 
overlap
(a)
in ternal coaxial 
overlap
(b)
Figure 7. [p2g + (^2 + ^2$)] tra n s itio n  states of an
i l k f -alkene and an a llene.
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The structure o f allene has been studied by INDO calculations by 
D illon  and U n d e r wo o d . T h e  normal allene linkage in open chain systems 
possesses a lin e a r structure with two orthogonal ir bonds. In structure 
(3 2 ), the plane defined by R-j, Rg, C-j, is  perpendicular to that formed
(32)
by Rg, R^, Cg. In nine membered rings or la rg er, the allene linkage can 
be incorporated without d is to rtio n . As ring size is decreased, geomet­
r ic a l d is tortio ns of the allene linkage are necessary in order to close 
the rin g . D illon  and Underwood described two deformations that f a c i l i ­
ta te  the closure. The f i r s t  consists of bending a Cg about an axis per­
pendicular to  one of the methylene planes as shown in structure (33 ).
This deformation appears to introduce more s character into the p o rb ita l 
at Cg perpendicular to the axis of ro ta tio n , and therefore w ill weaken
(33) (34)
the TT bond. The second deformation retains the lin e a r C^-C^-C^ linkage, 
but requires one of the methylene groups to be twisted to form a more 
planar a lle n e . This arrangement tends to form a lin e a r a lly l  orien tation
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o f p o rb ita ls  with one nonbonding p o rb ita l perpendicular to the tt
system as illu s tra te d  in structure ( 3 4 ) .
In seven and eight membered cyclic  aliénés, some mixture of both
bending and tw isting is possible, but in ( IJ )  i t  has been postulated
th a t the allene system is essen tia lly  p l a n a r . I n  structure ( ^ ) ,  the
2
allene carbons are sp hybridized with three p o rb ita ls  forming an a l ly l
2
TT system and a nonbonding sp o rb ita l a t the center carbon.
(35)
INDO calculations by D illon  and Underwood on model allene structures 
indicated that as the lin e a r allene is d istorted about the central carbon 
atom as in the structure (33) (C^-Cg-Cg bond angle from 180° -+ 9 0 °), 
three structures are possible fo r the a l l e n e . T h e  following planar 
aliénés may be considered as having a lly l  ic tt systems perpendicular to 
the plane o f the molecular and a nonbonding o rb ita l at Cg w ithin the 
plane. The o rb ita ls  contain four electrons with three possible configu­
ra tio n s . Further calculations show no evidence fo r the singlet d ira d i­
cal found in structure (36).^^ For bond angles (C^-Cg-Cg) between 130° 
to 180° the charge d is trib u tio n  in the planar allene is best represented 
by structure (37 ). For angles less than 130° the increase in s charac­
te r  o f the nonbonding o rb ita l outweighs any s te ric  effects and the planar 
a llen e  is  best described by structure (38 ). Extrapolation o f th is
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O ô ^ o)«+Ô W
(36) (38)
inform ation to 1 , 2 -cyclohexadiene indicates that the charge d is trib u tio n  
in the a lle n e  can be represented by structure (37) or (38) depending 
upon the bond angle present in  1 , 2 -cyclohexadiene.
Since the a llen e  linkage in  structure (35) is  sp^ hybridized, i t  
can be expected th a t the allene hydrogens l i e  w ithin the plane of the 
r in g , but Jones and Balci recently  reported that 1 , 2 -cyclohexadiene is  a 
bent and tw isted a llen e  in  which the a lle n ic  hydrogens are above and be­
low the plane defined by the a lle n ic  carbons.** The reaction o f o p ti­
c a lly  a c tiv e  l-brom o- 6 -deuterocyclohexene (38) w ith potassium t^butoxide 
in  te t r a  hydro furan and trapping w ith  1 , 3 -diphenyl benzo[c]furan ( g ) .  
yie ld ed  a mixture o f o p tic a lly  a c tive  adducts (42) and ( ^ ) .  The 
re su lts  ind icated  th a t the reacting intermediates should be c h ira l and 
th e re fo re  can be represented by s truc tu re  (3 9 ). Studies a t higher
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(38)
H
KOt-Bu,  
D T H F  '
(39)
V j- {g )  Ph
temperatures have shown that there is  a loss of optical a c tiv ity . This
appears to be caused by the isomerization o f structure (39) to (40)
being competitive with the trapping by the furan derivative (£1 ). The
postulated ch ira l intermediate elim inates structures ( ^ ) ,  (3 7 ), and
(38) because these intermediates demand nonchiral structures. Further
work on th is  system and others has confirmed the existence of a ch ira l 
45interm ediate.
ReprocJucecJ with permission of the copyright owner. Further reproctuction prohibitect without permission.
25
Chapter I I  
RESULTS AND DISCUSSION 
Structure of 1 ,2-Cyclohexadiene
1 ,2-CycIohexadiene (]_9) is an essential component in the series of 
cyclic  carbene and allene systems shown in Table 1. This compound can 
serve as a model fo r the study o f other rings which contain the strained  
allene moiety. The present investigation of (19) begins with an analysis 
o f i ts  s truc tu re , followed by a Hammett study of its  re la tiv e  re a c tiv ity  
with various substituted styrenes. Frontier molecular o rb ita l (FMO) 
theory is  applied to the results o f the experimental plot to explain 
the observations.
The t i t l e  compound is a "hot" reaction intermediate in the sense 
that i t  possesses a very short life tim e  and cannot be isolated by o rd i­
nary chemical techniques. In the absence of a trapping agent at room
temperature, any (19) that is formed immediately dimerizes to tr ic y c lo -
2 7[ 6 . 4 . 0 . 0  ’ ]dodeca-2 , 1 2 -diene ( ^ )  as indicated in reaction sequence 
(^ )-»“(l^ )-» -(^ ) on page 18. In order to gain insight into the structure  
of the short lived  interm ediate, i t  is  possible to employ MNDO (modified 
neglect o f d if fe re n tia l overlap) calcu lations.
The mechanics o f the MNDO program involve a series o f semiempirical 
molecular o rb ita l calculations on the best approximation of the geometry 
of a given molecule as obtained from tabulated s o u r c e s . T h e  fin a l 
optimized geometry, heat of form ation, charge density, and o rb ita l ener­
gies reported in th is  paper are the re su lt o f an ite ra tiv e  process in
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which the MNDO program changes bond angles and bond lengths by small 
increments u n til any fu rther changes f a i l  to y ie ld  a decrease in the 
heat o f formation. Generally, th is  method of calculation yie lds an 
exce llen t corre la tion  between calculated and experimental geometries and 
heats o f formation.
The f in a l optimized geometry of s ing le t (19) obtained from MNDO 
calculations is given in Figure 8 . The allene linkage (C^-Cg-Cg bond 
angle) is  bent from the anticipated 180° in acyclic aliénés to approxi­
mately 138 .4°. The d is to rtion  of the allene moiety from the normal 
lin e a r arrangement is  necessary in order to incorporate the linkage in 
smaller cy c lic  systems. In larger rings, such as 1 ,2-cyclononadiene, i t
appears th a t the allene moiety can be embodied without severe d is tortion  
49from l in e a r i ty .  Integration of the allene group in a small ring 
causes tw is tin g  of the p o rb ita ls  (on Cg and Cg) from an orthogonal 
arrangement found in acyclic aliénés to a p ara lle l system sim ilar to the 
one found in structure (34 ). As w ill be seen in greater d e ta il la te r ,  
the bending and tw isting of the allene generates additional s character 
on the central carbon in an o rb ita l which lie s  w ithin the plane created 
by the three allene carbons.
In the six membered rin g , the MNDO bond lengths fo r the allene  
bonds are ça. 1.322A. This compares to a 1.308A value obtained experi­
m entally fo r  lin e a r a l l e n e . A l l  other optimized bond lengths and bond 
angles are re la t iv e ly  close to standard values.
Two points o f considerable in te rest are apparent from the fronta l 
view of 1 ,2-cyclohexadiene as shown in Figure 9. The chiral molecule 
possesses an approximate Cg axis of s^^mmetry. A 180° ro tation  about an
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H .
H H,
Figure 8 . The geometry of s ing le t 1 ,2-cyclohexadiene as 
calculated by MNDO. (Note: Bond lengths are
in angstroms (A) and bond angles are in degrees.)
See appendix fo r additional bond lengths and 
bond angles.
axis bisecting C.j and yie lds essen tia lly  the same configuration. The
second observation from Figure 9 concerns the hydrogen atoms which are
attached to the allene carbons. These atoms do not l ie  within the plane
defined by the three allene carbons as shown in structure (35) or ( ^ ) .
Rather, these hydrogens l ie  above and below the plane, a fact that is
44consistent with the optical a c t iv ity  reported by Jones and Balci.
In order to  ensure that the structure given in Figures 8  and 9 is 
indeed the best configuration fo r 1 , 2 -cyclohexadiene and not a local 
energy minimum, the hydrogen atoms on the allene carbons (Hy and Hg) 
were placed in the C^-Cg-Cg plane and the MNDO program was allowed to 
optimize th is  starting  structure. The new molecular arrangement obtained 
was found to  be essen tia lly  equivalent to that shown previously. Further
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H,3
Figure 9. Frontal view o f  s in g le t 1 ,2-cyclohexadiene 
showing the approximate C2  axis o f symmetry 
as calculated by MNDO.
random geometric d is to rtio n s  o f bond lengths and bond angles were made,
and optim ization revealed an es se n tia lly  identical structure. I t  can be
sa fe ly  concluded that from the optim ization procedure employed th at the
struc ture  presented fo r  s in g le t 1 , 2 -cyclohexadiene represents an energy
minimum and i t  is  the best value obtainable from MNDO calculations.
The heat of formation, AH^, fo r  s ing le t 1 ,2-cyclohexadiene acquired
from MNDO calculations is 65.5 kcal/m ol. The AĤ  calculated from the
51group values of Benson is 36.9 kcal/m ol. The difference between the 
two values can be a ttr ib u te d  to s tra in  energy within the six carbon ring . 
The thermodynamic s tra in  energy due to  the introduction of an allene  
linkage in to  the s ix  carbon ring is  about 28.6 kcal/mol. Other ring  
s tra in  energies tabulated by Benson^^ are given in Table 2. The large  
magnitude fo r the s tra in  energy o f the cyc lic  allene re fle c ts  the high 
re a c t iv ity  o f the molecule and the in a b i l i ty  to  iso la te  the monomer.
MNDO calculations were also performed on the t r ip le t  state o f
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Ring Ring Strain Reference
(kcal/m ol)
Cyclohexane 0 . 0 51
Cyclohexene 1.4 51
1,3-Cyclohexadiene 4.8 51
1 ,4-Cyclohexadiene 0.5 51
1 ,2-Cyclohexadiene 28.6 This work
Table 2. Selected ring stra in  energies fo r six carbon 
hydrocarbons.
1,2-cyclohexadiene. The allene hydrogens in t r ip le t  1 ,2-cyclohexadiene 
(Figure 10) l ie  w ith in  the same plane as the allene.carbons.
H„ H,'  J 2
H.
H . — .C H 4 .8
H.
Figure 10. T r ip le t  1 ,2-cyclohexadiene as calculated from 
MNDO. (Note: Electrons and o rb ita ls  in the
t r ip le t  are omitted fo r s im p lic ity .)
The t r ip le t  possesses an approximate m irror plan of symmetry. The allene bond 
angle in  th is  species is  approximately 135° with carbon-carbon bond lengths 
of 1.356A. The remaining bond lengths and bond angles are close to the
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expected values.
T r ip le t  1,2-cyclohexadiene (39) possesses a MNDO AĤ  of 68.3 kcal/ 
mol. The apparently small s in g le t - t r ip le t  energy separation (the sin ­
g le t is 2 .8  kcal/mol more stable than the t r ip le t  according to MNDO) 
should lead to the consideration of a s in g le t- tr ip le t  equilibrium  
(19 t -  ^ ) .  However, there is  evidence that MNDO overestimates the 
s ta b i l i ty  o f the t r ip le t  s t a t e . U s i n g  MNDO, Waali has calculated that
O
(39)(19)
t r ip le t  methylene (1_) possesses a AH  ̂ of 77.3 kcal/mol, while the s ing le t
r q
(2) requires 107.4 kcal/mol fo r formation. Experimentally, the d i f ­
ference between the ground state energies of the sing let and t r ip le t  has
54 55been determined to be only 8  or 9 kcal/mol. Dewar and coworkers
have explained th is  discrepancy by stating that MNDO treatment of any
b irad ical system yields values fo r the AĤ  that are erroneously too neg-
52ative  when compared to experimental values. With th is explanation in 
mind, there is no need to postulate the presence of the t r ip le t  by re a l­
izing that the 68.3 kcal/mol value obtained from MNDO is erroneously low. 
The AH  ̂ fo r the t r ip le t  should be somewhat higher and therefore the 
s in g le t - t r ip le t  equilibrium  (19 t  ^ )  and t r ip le t  chemistry is not com­
p e tit iv e  with the s in g le t chemistry.
U t il iz a t io n  of MNDO calculations gives valuable insight into  the 
molecular structure and heat o f formation of a very la b ile  species which
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would not have been susceptible by other techniques. The technique 
y ie ld s  f a i r ly  re lia b le  information on molecular properties, and as w ill 
be seen la te r ,  MNDO gives a useful representation of the o rb ita l ener­
gies o f the HOMO and LUMO.
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Chemical R eactiv ity  o f 1,2-Cyclohexadiene with Substituted Styrenes
With the recognition that ( 1 ^ ) adds to s t y r e n e , a  Hammett study 
of its  addition to the v in y lic  group o f styrene was made possible. The 
re la t iv e  re a c tiv it ie s  were determined by a competitive method in which 
two styrenes were allowed to compete fo r a lim ited amount of the a llene. 
In a typ ical experiment, (19) was generated in situ  as outlined in the 
following reaction. The methyllithium solution was added dropwise to an
♦ C H.Li
_Ph
Ar
(24) (19)
equimolar amount o f 6,6-dibromobicyclo[3.1.0]hexane (24) and an approxi­
mate tenfo ld  excess o f each of the styrenes. The reaction mixture was 
maintained at 20°C ± 1 °  over the addition period. A fter the completion 
of the addition the reaction was quenched with d is t il le d  water. The 
re la tiv e  quantities of the styrene adducts were measured by gas liqu id  
p a rtitio n  chromatography (g lpc). Pure samples of the styrene adduct and 
the respective substituted styrene adduct were prepared in independent 
experiments and used to ca lib ra te  the flame ionization detector. Values 
are corrected unless otherwise noted. In th is  study, only meta and para 
substituted styrenes were used in order to elim inate possible s te ric  
in teractions and proximity effects  associated with ortho substituents. 
Additional d e ta ils  on the methods and techniques are located in the ex­
perimental section.
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The re la tiv e  re a c tiv ite s  of the styrenes were calculated by the 
fo llow ing e q u a t io n ,w h e re  the ra tio  (Px/Pw) is the corrected mole 
ra tio  o f products derived from the substituted styrene adduct divided by 
the styrene adduct. The ra tio  (1^/1%) is the in i t ia l  moles o f styrene
"h
( I^ )  and substituted styrene (1%) based on weights. The v a lid ity  of the 
equation depends upon maintaining an essen tia lly  constant ra tio  of the 
two styrenes and preclusion of subsequent reactions of the adducts under 
reaction c o n d i t i o n s . I n  order to insure th at the re la tiv e  ratios of 
the two styrenes did not change over the course of the reaction an 
approximate tenfold  excess was used. Gas chromatography was performed 
on the styrene mixture before and a fte r the reaction. In no case was 
there a s ig n ific a n t d ifference in the ra tio . The corrected re la tiv e  
ra tes , are given in Table 3.
The Hammett equation gives a very useful and successful method fo r
57quantifying the re a c tiv ity  of a given species. In the reaction o f in ­
te re s t, 1 ,2-cyclohexadiene is added to the vinyl group on styrene. The 
electron density on the v in y lic  carbons is a function of the inductive
and resonance properties o f the aromatic ring . The addition of an
electron-donating or an electron-withdrawing group in the meta or para 
position on the ring can perturb the e lectron ic  d is trib u tio n  at the 
reaction s ite . For example, the addition of the methoxy function group 
in the para position donates electron density into  the aromatic ring 
(and hence the v in y lic  group) through resonance effects and to a smaller 
extend withdraws electron density through inductive e ffec ts .
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rel
3-Cl 0.370 1.95 (0.03) 1.09 2.13 0.33
3-Cl 0.370 1.52 ( 0 . 0 2 ) 1.37 2.09 0.32
4-Br 0.232 1.33 (0.04) 1 . 6 6 2 . 2 2 0.35
4-Cl 0.227 1.72 ( 0 . 0 2 ) 1.16 2 . 0 0 0.30
4-Cl 0.227 2.14 (0 .06) 0.99 2 . 1 1 0.32
H 1 . 0 0 0 . 0 0 '
3 -CH3 -0.069 0.72^ (0.17) 1.18 0.85 -0.07
4 -CH3 -0 .170 1.06 (0.04) 0.72 0.76 - 0 . 1 2
4 -C 2 H5 -0.240^ O.5 9 C ( 0 . 1 0 ) 1.37 0.80 - 0 . 1 0
4 -OCH3 -0.268 0.94 (0.03) 1 . 0 1 0.95 - 0 . 0 2
4-N,N -0.830 2.24 ( 0 . 1 2 ) 0.96 2.15 0.33
Table 3. The re la tiv e  re a c tiv it ie s  of substituted styrenes with  
1 ,2-cyclohexadiene. ®See reference 62. “See reference 
63. cuncorrected values. “By d e fin itio n .
The Hammett equation, given below, is the physical organic chem­
is t 's  attempt to quantify the q u a lita tiv e  picture ju s t described. In 
equation, the (k%/k^) term is the ra tio  of the rate constants for the
ky
log krel '  ’ "9
substituted styrene adduct and the styrene adduct. (The k^/k^ ra tio  is  
determined d ire c tly  from the previous equation.) The p value is  defined 
as the reaction constant and i t  has been interpreted as the measure of 
the s u s c e p tib ility  o f the reaction to substituent e ffe c ts . I f  p fo r a 
reaction is  p o s itive , that reaction is accelerated by electron-withdrawing
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substituents, and slowed by electron-donating groups. A negative p im­
p lies the opposite. The a  value is a measure of a substituent's a b il i ty  
to donate or withdraw electron density from the meta or para positions. 
I t  is re ferred  to as the substituent constant. A p lot o f the log k^g-, 
versus the substituent constant should y ie ld  a straight lin e  with a 
slope equal to p.
The Hammett p lo t fo r (1_9) in addition to various styrenes is given 
in Figure 11. As indicated in the fig u re , the 4-N,N-dimethylami nosty­
rene, 4-methoxystyrene, and 4-ethoxystyrene react much fas ter than an­
tic ip a ted  in comparison to 3-methyl styrene and the halogenated styrenes. 
A nonlinear Hanmett re la tion sh ip , such as th is p lo t, could be used to 
indicate a change in e lectron ic  character in the addition of 1 , 2 -cyclo­
hexadiene to styrene. The electron-withdrawing substituted styrenes 
(3 -C l, 4 -C l, 4-Br, 3-CHg) could be reacting via one type of e lectronic  
d is tr ib u tio n , while electron-donating substituents (4-NN, 4-OCHg,
4 -C2 H5 ) can react via another tra n s itio n  s ta te . The slope of the lin e  
of electron-withdrawing groups (including 4 -CH2 ) is 0.96 with a corre la ­
tion c o e ffic ie n t of 0 .95. I f  4 -CH2  is omitted from th is lin e , then the 
slope is 0.97 with a corre la tion  co e ffic ie n t of 0.93. The slope of the 
lin e  fo r the electron releasing groups (including 4-CHg) is -0 .68 with a 
corre la tion  co e ffic ie n t o f -0 .9 9 . The omission of 4 -CH2  gives the same 
slope and correlation  c o e ffic ie n t.
From the data given, i t  is d i f f ic u l t  to determine exactly on which 
l in e  the 4-CHg group l ie s .  The point correlates well on e ith er l in e .  
Perhaps th is  is  due to the appearance of two uncorrected values (4-OEt 
and 3 -CHg) on e ith e r side o f the 4-CHg point.
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The major observations from the graph are that the 4-N,N-dimethyl- 
aminostyrene reacts much fas ter than anticipated when compared to the
3- and 4-chlorostyrenes. There is  excellent correlation w ithin two 
d is tin c t lines ind icating  th at 1 ,2-cyclohexadiene is acting with two 
versions of a mechanism which d if fe r  in electronic character.
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Figure 11. Experimental Hammett p lo t fo r the cycloaddition of
1 ,2-cyclohexadiene with various substituted styrenes. 
(Note: The values plotted were obtained from Table 3
See te x t fo r  additional in form ation .)
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Application o f FMO Theory to the 
Cycloaddition of 1,2-Cyclohexadiene
The two possible electronic d is tribu tions fo r the cycloaddition of
1 , 2 -cyclohexadiene to substituted styrenes can best be discussed in  
terms o f FMO theory as outlined in the introduction. According to FMO 
theory, the contro lling  o rb ita l interaction and thus the re a c tiv ity  and 
s e le c t iv ity  o f 1 , 2 -cyclohexadiene is  dependent upon the d iffe re n tia l  
energies o f the two HOMO/LUMO interactions.
Extensive MNDO calculations were carried out on the various sub­
s titu te d  styrenes used in the competition reactions. Standard geometric 
values*^ were used as the MNDO input. The resulting HOMO and LUMO ener­
gies are given in Table 4. The HOMO and LUMO energies fo r 1 ,2 -cyclo ­
hexadiene were procured from the optimized structure of the s in g le t. 
Since MNDO calculations are parameterized to y ie ld  re lia b le  geometries 
and heats o f f o r m a t i o n , i t  was decided to check the MNDO o rb ita l ener­
gies by comparing them with CNDO/2 calculations.^® The CNDO/2 o rb ita l
energies used fo r the styrenes were obtained from Yasuda, Harano, and
59Kanematsu, and the o rb ita l energies fo r the allene are the results of 
CNDO/2 calculations u t il iz in g  the optimized structure obtained from 
MNDO.GO
The data presented in Table 5 represent the difference between the 
HOMO of 1,2-cyclohexadiene and the LUMO of the unsubstituted styrene 
(1st column), and the d ifference between the HOMO of the styrene from 
the LUMO of 1,2-cyclohexadiene. The values underlined in each case are 
the sm aller differences in o rb ita l energies which represent the more 
important o rb ita l in te rac tio n . For example, in the MNDO calculations
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MNDO values 
(electron volts)
CNDO/2 values 
(electron volts)
Compound HOMO LUMO HOMO LUMO
1 ,2-Cyclohexadiene -8.960 -0.094 -10.481* 2.726*
3-Chlorostyrene -9.186 -0.402 c c
4-Chlorostyrene -9.138 -0.469 -11.93 b 2.07 b
Styrene -8.856 -0.037 -12.13 b 2.84 b
4-Methyl styrene -8.814 +0.104 -10.91 b 2.92 b
4-Ethoxystyrene -8.656 -0.119 c c
4-Methoxystyrene -8.627 -0.008 -11.13 b 3.06 b
4-N,N-Dimethylaminostyrene -8.379 -0.013 -10.50 b 3.02 ^
Table 4. HOMO/LUMO orb ita l energy values obtained from MNDO 
calculations and CNDO/2. ^See reference 60. ^See 
reference 59. ^Data not available.
fo r 4-chlorostyrene the HOMO of the allene/LUMO of the substituted sty­
rene is the controlling in teraction . In th is case, the allene is seek­
ing an electron defic ient center, thus i t  is acting in the capacity of a 
nucleophile. In the situation of 4-N,N-dimethylami nostyrene, the con­
t r o l l in g  process is the HOMO of the styrene interacting with the LUMO of
1,2-cyclohexadiene. In th is  example, the allene is seeking electron 
density and acting as an e lectrophile . Therefore MNDO calculations are 
predicting an ambiphilic nature of 1,2-cyclohexadiene. In other words, 
at one end of the spectrum, in the presence of electron-withdrawing 
groups (3-chlorostyrene and 4-chlorostyrene) 1,2-cyclohexadiene is act­
ing in the capacity of a nucleophile. At the other end of the spectrum, 
in the presence of electron-donating groups (4-N,N-dimethylaminostyrene, 
4 -methoxystyrene, 4-ethoxystyrene) the allene is acting as an
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Compound HOMÔ jy-LUMÔ ĵ  ̂ HOMÔ Î Î -LUMOgjY HOMOgyy-LUMOŷ ĵ l̂
3-Chlorostyrene -8.558 -9,092 ------  ̂   ^
4-Chlorostyrene -8.491 -9.044 - 12.55 -14.66
Styrene -8.923 - 8.762 - 13.32 -14.86
4-Methyl styrene -8.865 - 8.720 - 13.40 -13.64
4-Ethoxystyrene -8.841 - 8.562-------------------------- ------  ̂   ^
4-Methoxystyrene -8.952 - 8.533 - 13.54 -13.86
4-N,N-Dimethylaminostyrene -8.947 - 8.285 -13.50 -13.23
Table 5. Energy differences for HOMO of 1,2-cyclohexadiene (ALL) and LUMO of styrene (STY); and 
HOMO of styrene (STY) and LUMO of 1,2-cyclohexadiene (ALL) as calculated from data 
presented in Table 4. The underlined values are the smaller energy difference. ®See 
text for complete analysis of data. ^See reference 59. ^Data not available.
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e le c tro p h ile . MNDO calculations predict dual electronic character with 
a change in the electronic nature occurring somewhere between 4 -chloro- 
styrene and styrene.
Using the CNDO/2 data, application of FMO theory predicts a change 
in e lectron ic d is tribu tion  of the trans itio n  state to occur somewhere 
between 4-methoxystyrene and 4-N,N-dimethyl aminostyrene. The apparent 
discrepancy in predicting the crossover point between MNDO and CNDO/2 
calculations undoubtedly l ie s  in the in a b i l i ty  of each method to predict 
the HOMO and LUMO energies o f a given compound. The s ign ificant point 
to be noted from the data in Tables 4 and 5 is that a theoretical t r e a t ­
ment according to FMO theory reveals an ambiphilic tendency of 1 ,2 -  
cyclohexadiene which is confirmed by the experimental results given in 
Figure 11.
Further application of FMO theory and MNDO calculations can y ie ld  
additional information on the nature of the reaction of 1 , 2 -cyclohexa- 
diene with styrene. Two possible orientations are possible in th is re ­
action to y ie ld  a head-to-head product ( ^ )  and a head-to-ta il product 
(42 ), but only the la t te r  is observed.
"  ^ O ^ cx
Ar
(40) ( B )  ( g )
Accof3ing to FMO theory, the coeffic ients of the molecular orb ita ls  
in the HOMO/LUMO interaction determine the reg io se lectiv ity  of any re­
action. In addition to the sign of the o rb ita l ,  a second-order e ffec t  
results from the magnitude of the coeffic ients  of molecular o rb ita ls .
FMO theory demonstrates that i f  two lobes are unsymmetric then the
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energy d ifference when a large lobe interacts with another large lobe 
(possessing the same sign) and a small with a small is greater than the d i f f e r ­
ence i f  a large lobe interacts with a smaller lobe of the same sign. The 
greater energy difference has a net s ta b il iz in g  e ffe c t on the transition state  
and the product.
MNDO calculations show that the fro n tie r  o rb ita ls  of 1,2-cyclohexa- 
diene, styrene, and substituted styrene are polarized. The polarization effects  
leads to lobes of unequal size . Thus, application of FMO theory states that in 
the tra n s itio n  state the larger lobes in teract and by necessity the smaller 
lobes in te ra c t.  The reg io se le c tiv ity  leading to product (g ]) and not ( |2 )  
can be shown by considering the shapes of the o rb ita ls . In the case of 3- 
chlorostyrene, the interaction of the HOMO of the allene with the LUMO of 
the styrene in the trans ition  state is most important. Proper orientation of 
the o rb ita ls  with overlapping of the larger lobes leads to the head-to-tail 
product. The opposite orientation is of higher energy.
In the situation fo r 4 -N,N-dimethylaminostyrene, the LUMO of the 
allene interacts with the HOMO of the styrene as i l lu s tra ted  in Figure
13. Consideration of the magnitudes of the orbita l coefficients shows 
that the head-to -ta il product is preferred. The head-to-head product is  
not probable because of the higher energy of trans ition  of a large- 
sm all/large-sm all interaction.
Another point observable from the HOMO of 1 ,2-cyclohexadiene 
(Figure 12) is the additional s character on the central carbon within  
the plane of the allene carbons. The p o rb ita ls  on the terminal allene  
carbons are twisted from an orthogonal arrangement of a linear allene as 
previously discussed.
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H O M O
L U M O
Figure 12. The f ro n t ie r  o rb ita l interaction o f the LUMO of
3-chlorostyrene with the HOMO of 1,2-cyclohexadiene. 
(Note: The electron density on the chlorine has
been omitted fo r technical reasons.)
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H
Figure 13. The fro n t ie r  o rb ita l interaction of the HOMO of 
4-N,N-dimethylami nostyrene and the LUMO of 
1 , 2 -cyclohexadiene.
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SUMMARY
With the Hammett study of 1 ,2-cyclohexadiene now complete, this  
species can be added to the l i s t  of cyclic  intermediates given in 
Table 1. This compound is the f i r s t  in the series to exhibit dual 
electronic properties in which i t  can act in the capacity of a nucleo­
phile  with electron-withdrawing styrenes and as an electrophile with 
electron-donating styrenes. The geometric properties calculated from 
MNDO on the s inglet indicated that i t  possesses an approximate Cg axis 
of symmetry and that i t  is c h ira l.  The t r ip le t  possesses an approximate 
mirror plane of symmetry and its  is higher than the singlet. The 
chemical nature of 1,2-cyclohexadiene was discussed in terms of FMO 
theory in which the fro n tie r  o rb ita ls  of the allene and the styrene 
were used to explain the ambiphilic behavior of the system. The ambi­
p h il ic  nature of th is cyclic allene was predicted by a combination of 
MNDO and CNDO/2 calculations and FMO theory and these predictions were 
confirmed by experimental results in the Hammett equation p lot.
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Chapter I I I  
EXPERIMENTAL
The following analytical methods are used throughout th is chapter 
unless otherwise indicated. Gas chromatography (GC) was performed on 
Varian Aerograph Series 1700 (thermal conductivity detection) and Varian 
Aerograph Series 1400 (flame ionization detection) instruments. The 
Series 1400 instrument was equipped with a Hewlett Packard Model 3380A 
in tegrator and r e c o r d e r . N u c l e a r  magnetic resonance (NMR) spectra 
were produced on Varian Anaspect EM360 spectrometer. All values are 
reported as 6  units downfield from tetramethylsilane (TMS), which was 
added as the internal standard. All melting (mp) and boiling (bp) 
points are uncorrected.
Commercial materials were used as received with the following ex­
ceptions. Anhydrous diethyl ether was stored in a dry nitrogen atmos­
phere over 4A molecular sieves. Thin layer chromatography (TLC) plates 
were prepared in th is  lab as described using EM Reagent S ilica  Gel 60 
PF-254.
The 4 -bromostyrene, 4-chlorostyrene, 3 -chlorostyrene, 4-methyl sty­
rene, and 4-methoxystyrene were purchased from Aldrich Chemical Company. 
Styrene was purchased from J.T. Baker Chemical Company. These materials 
were vacuum d is t i l le d  p rior to use.
6.6-Dibromobicyclo[3.1.0]hexane
Into a 2000 ml three-necked round-bottom flask , equipped with a 
condenser, a mechanical e le c tr ic  s t i r r e r ,  a 1 0 0 0  ml addition funnel
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(with pressure equalizing tube and a Teflon stopcock), a thermometer, 
and a positive-pressure-dry-nitrogen atmosphere, the following compounds 
were added: cyclopentene (100.7 g, 1.48 mol, freshly d is t i l le d ) ,  bromo-
form (1213.0 g, 4.80 mol), ethanol (5 .3  m l), and benzyltriéthylammonium 
chloride (1.30 g, 0.005 mol) as a cata lyst. The entire reaction vessel 
was placed in a large room temperature water bath. The mixture was 
s t ir re d  slowly while 665.0 ml of 50% NaOH was added cautiously, and then 
s t ir re d  fo r  an additional 20 hours. To ensure that the reaction had 
gone to completion, 0.5 g of catalyst was added and the temperature was 
monitored. No temperature change within the reaction vessel was ob­
served.
The organic layer was separated and dried with anhydrous magnesium 
s u lfa te . The aqueous phase was extracted with several portions of pe­
troleum ether (30°-60°) and dried. Both solutions were f i l te re d  with a 
glass wool f i l t e r  pad under vacuum. The organic layer and petroleum 
ether extracts were combined. The p rec ip ita te  that appeared was f i l t e r ­
ed as described above. The petroleum ether was removed by rotary  
evaporation.
To insure that completeness of precip itation  of the polymer had 
occurred, the volume of bromoform was reduced in half by vacuum d i s t i l ­
la t io n  (31 °-36 ° , 4 t o r r . , l i t .^ ^  46°, 15 to r r ) .  Next about 50 mL of 
petroleum ether was added and the mixture f i l te r e d .  The ether was re­
moved by rotoevaporation and the remainder of the bromoform was vacuum 
d is t i l  led.
A f in a l  vacuum d is t i l la t io n  (28 .5 -30°, 0.025-0.030 to rr )  yielded 
279.0 g (1 .17 mol, 79% y ie ld )  of product. NMR analysis showed the
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product to be free of the rearranged isomer» 1 , 6 -dibromocyclohexene (no 
absorbance in  4 .5 -6 .0  region).
NMR: 61.9 (broad m, CHg), 2.2 (broad m, CH).
4-N »N-Dimethy1ami nostyrene
About 400 mL of dimethyl sulfoxide (DMSO) was vacuum d is t i l le d  (65°- 
67°, 4 to r r ;  l i t . ^ ^  85-87, 20 to rr )  from calcium hydride. The d i s t i l ­
la te  was collected over 4A molecular sieves and stored under dry n itro ­
gen.
A 500 mL three-necked round-bottom flask was f i t te d  with a conden­
ser, a 125 mL addition funnel (with pressure-equalizing tube), a mechan­
ical e le c tr ic  s t i r r e r ,  and a positive-pressure-dry-nitrogen atmosphere.
Sodium hydride (6.18 g of 57% active dispersion, 0.15 mol) was 
washed with several portions of petroleum ether and placed in the reac­
tion apparatus. The residual petroleum ether was removed under vacuum. 
The previously d is t i l le d  DMSO (about 50 mL) was added slowly and the 
mixture was s t irre d  fo r 2 hours. The reaction vessel was cooled in an 
ice bath to room temperature. Then a solution of methyltriphenyl phos­
phonium iodide (40.1 g, 0.1 mol) in 100 mL of dry DMSO was added over a 
0.5 hour period and the mixture was s t irred  for 1 hour. A premixed 
solution of 4 -N,N-dimethylaminobenzaldehyde (15.0 g, 0.1 mol) in 100 mL 
of dry DMSO was added over a 0.5 hour period and s tirred  for 4 hours.
All transfers were accomplished by syringe. The reaction was quenched 
with 200 mL of d is t i l le d  water at 5° over a 0.5 hour period.
The mixture was placed in a 1000 mL separatory funnel and washed 
with three 100 mL portions of diethyl ether. The ether portions were
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combined, extracted with 100 mL of d is t i l le d  water, and subsequently 
dried over 4A molecular sieves.
The solvent was removed by rotary evaporation. The sample was 
f i l t e r e d  through 20 g of neutral alumina (A c tiv ity  4) with 50 ml of 
petroleum ether (bp 30®-50®). Several fractions were collected and 
analyzed by NMR. The combined samples yielded 7.54 g (0.05 mol, 51% 
y ie ld )  o f  product. The sample was stored at -10® in dry nitrogen.
4-N,N-Dimethylaminostyrene: 62.93 (s , 6 H, 2-CH^), 5.01 (d of d,
J = 13 .0 , 2 .0; IH, 3 -H, trans to aromatic r in g ),  5.52 (d of d, J = 20.0, 
2.0 ; IH , 3 -H, cis to aromatic r in g ) ,  6.67 (d of d, J = 20.0, 13.0; IH, 
a-H ), 6.69 (d, J = 9 .0 , 2H, aromatic), 7.34 (d, J = 9 .0 , 2H, aromatic).
4-Ethox.ystyrene
A 500 ml three-necked round-bottom flask was equipped with a con­
denser, a 125 mL addition funnel (with pressure equalizing tube), a 
mechanical e le c tr ic  s t i r r e r ,  a solid addition tube, and a positive 
pressure dry nitrogen atmosphere.
Next, ji-bu ty ll ithium (57.0 mL, 0.09 mol, 1.6 M in hexane) was 
placed in the scrupulously dry apparatus. Anhydrous diethyl ether (200 
mL) was added to the reaction by syringe. Methyltriphenyl phosphonium 
iodide (33.64 g, 0.09 mol, previously weighed into the solid addition 
tube) was added over a 0.5 hour period and the reaction mixture was 
s tirre d  fo r  4 hours. Next, 4-ethoxybenzaldehyde (12.5 g , 0.08 mol) in 
100 mL of anhydrous diethyl ehter was added and heated at reflux for 
16 hours.
The mixture was cooled to room temperature and vacuum f i l te re d .
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The p rec ip ita te  was washed with two 1 0 0  ml portions of diethyl ether.
The organic phase was extracted with 100 mL of d is t i l le d  water until  
neutral to litmus (3 washings, pH 5 .5 ) .  The volume of the organic phase 
was reduced by one-half and the volume was dried over 4A molecular 
sieves. The ether was removed by rotoevaporation^® and the product (7.2  
g, .05 mol, 58% y ie ld )  was preserved with 1% (w/w) hydroquinone, and 
stored under dry nitrogen at - 1 0 ° .
P rior to use the 4-ethoxystyrene was f i l te re d  through 20 g of 
neutral alumina (A c tiv ity  4) with 50 mL of petroleum ether and checked 
fo r  purity  by NMR analysis.
4 -Ethoxystyrene: 61.40 ( t ,  J = 9 .0 , 3H, CH^), 3.96 (q, J = 9 .0 ,
2H, O-CHg), 5.08 (d o f d, J = 10.5, 1.5; IH, 8 -H, trans to aromatic 
r in g ) ,  5.51 (d of d, J = 17.0, 1.5; IH, g-H, cis to aromatic r in g ),  6.71 
(d of d, J = 17.0, 10.5; IH, a-H ), 6.77 (d, J = 9 .0 , 2H, aromatic), 7.29 
(d, J = 9 .0 ,  2H, aromatic).
3-Methyl styrene
A 1500 mL three-necked round-bottom flask was equipped with a con­
denser, a 500 mL addition funnel (with pressure equalizer tube), a 
mechanical s t i r r e r ,  and a positive pressure dry nitrogen atmosphere.
To the reaction vessel, magnesium (13.5 g, 0.56 mol) was added and 
covered with anhydrous diethyl ether (approximately 50 mL). Next, methyl 
iodide (71 .0  g, 0.50 mol) in anhydrous diethyl ether (50 mL) was added 
over a 0 . 5  hour period and the reaction mixture was stirred  for an addi­
t io n a l 0 .5  hour. Then 3-methylbenzaldehyde (55.3 g, 0.46 mol) in dry 
diethyl ether (400 mL) was added over 0.5 hour. The mixture was heated 
at re f lu x  fo r  2  hours.
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The alkoxlde was quenched by the addition of saturated ammonium 
chloride solution (1% conc. HCl, 100 mL). The ether layer was separated, 
and the aqueous layer was extracted with three 50 ml portions of diethyl 
ether. The ether extracts were combined and dried over anhydrous mag­
nesium s u lfa te . The drying agent was f i l te re d  and the solvent removed 
by rotoevaporation. The crude alcohol (16.9 g. 0.124 mol, 27.0% y ie ld )  
was analyzed by NMR.
NMR: 61.22 (d, 3H, CHg), 2.26 (s , 3H, aromatic CHg), 3.56 (broad
s, IH , OH), 4.50 (q, IH, CH), 7.00 (s with shoulder, 4H, aromatic).
D i f f ic u l ty  arose in the dehydration of 3 -methyl phenyl methyl car- 
b in o l. Several methods were tr ie d  and the most successful is noted 
below. (The d i f f ic u l ty  in the dehydration step was in heating the sam­
ple s u f f ic ie n t ly  to cause dehydration and then removal of the 3-methyl- 
styrene before polymerization could occur.) To a sample of the carbinol 
(8 .2  g, 0.06 mol), 1% (w/w) 4-toluenesulfonic acid and 1% (w/w) hydro­
quinone were added. This mixture was placed in a 25 ml round-bottom 
f lask and attached to a 12 cm Insulated Vigreux column and a short 
column d is t i l la t io n  apparatus. A 200 to rr  vacuum was applied and the
reaction vessel was heated slowly to prevent bumping. The styrene was
69formed and d is t i l le d  at a pot temperature of 196-200°. A heavy ta r  
in the reaction pot would not d i s t i l l .  The styrene (3.6 g. 0.03 mol,
50% y ie ld )  was preserved with 1 % (w/w) hydroquinone and stored under dry 
nitrogen at -10°. Prior to use, the styrene was f i l te re d  through 20 g 
of neutral alumina (A c tiv ity  4) and examined fo r purity by NMR.
3-Methyl styrene: 62.32 (s ,  3H, CH^), 5.15 (d of d, J = 11.0; 2 .0;
IH , g-H, trans to aromatic r in g ) ,  5.65 (d o f d, J = 20.0, 2.0; IH , g-H,
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cis to aromatic r in g ) .  6.61 (d of d. J = 20.0, 11.0; IH, a-H ). 6.90-7.20  
(broad m, 4H, aromatic).
Competition reaction
S im ilar procedures were used fo r a l l  competition reactions. The 
description given below is representative.
Into a 100 ml three-necked round-bottom flask equipped with a rub­
ber septum, thermometer, magnetic s t i r r e r ,  and a positive-pressure-dry- 
nitrogen atmosphere, styrene (2.115 g, 0.0203 mol), 4-methoxystyrene 
(3.92 g, 0.0292 mol) and 3,3-dibromobicyclo[3.1.0]hexane (0-590 g,
0.0025 mol) were added and mixed thoroughly. GC analysis was performed 
on the Varian Series 1700 instrument u t i l iz in g  a 20% SE-30 column (1/8"
X 13 ')  to  v e r i fy  a constant ra tio  of styrenes before and a fte r  the re­
action. The reaction vessel was placed in a constant-temperature water 
bath ( 2 0 ° ± 1 °) and to the reaction vessel anhydrous diethyl ether ( 2 0  
ml) was added by syringe. The methyl lith ium  (1.7 mL, 0.0523 g, 0.0025 
mol, 1 . 4  M in diethyl ether) was added dropwise with a syringe at a rate  
in which the reaction pot temperature never exceeded 20°. After the 
addition, the reaction was stirred  fo r 0.5 hour. The reaction was
quenched with the addition of d is t i l le d  water (3 ml).
The organic layer was analyzed by GC on a Varian Series 1400 in ­
strument containing a 1.5% OV-101 column (1/8" X 6 ' ) .  The re la tive
areas of each adduct were calculated from the areas given on the 
Hewlett Packard integrator and recorder. The f ina l reaction mixture 
was also analyzed on the Varian Series 1700 instrument to ensure a con­
stant ra t io  of starting  styrenes. In no case was there a measureable
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difference in the re la t iv e  ra tios  o f the unreacted styrenes before or 
a fte r  the reactions.
The uncorrected values fo r the area ratios of the styrene adduct 
and substituted styrene adducts, (Px/^H^unc well as the mole ra tio  
of the starting  styrenes, (1^/1%) are given in Table 6 . The values used 
in the Hammett equation plot (Figure 11) are corrected (Pv/Pu)^^,. with
A  n  C O i  »
the exception of 3-methylstyrene and 4-ethoxystyrene which are unavail­
able due to technical d i f f ic u l t ie s .
Calibration of the GC Detector
The flame ionization detector was calibrated by preparing authentic 
samples of the styrene and substituted styrene adducts. The following 
description is representative of the technique employed.
An apparatus identical to the one described in the previous section 
was u t i l iz e d .  A mixture of styrene (2.530 g, 0.0243 mol) and 6 , 6 -d ibro-  
mobicyclo[3.1 .Ojhexane (6.357 g , 0.0267 mol) was added to the reaction 
vessel and purged with dry nitorgen. To this mixture anhydrous diethyl 
ether ( 2 0  ml) was added and the vessel was immersed in the constant tem­
perature water bath (20° ± 1 ° ) .  The methyl lithium (19.0 mL, 0.587 g, 
0.0267 mol, 1 . 4  M in diethyl ether) was added with syringe techniques 
slowly over a 0.5 hour period. The reaction was allowed to proceed for
0.5 hour, and then was quenched with d is t i l le d  water (3 mL). The layers 
were separated and the organic layer dried over 4A molecular sieves.
The solvent was removed by rotoevaporation.
The preparative sample was chromatographed (TLC) on 1 mm s i l ic a  gel 
with a diethyl ether/petroleum ether (6%/94% v/v) c a rr ie r .  The
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Cmpd 0 * Nb (Y^H^cor S.D.d R.F.® (Px/PH)unc ( V ' x ) ^rel ’ “9 krel
3-Cl 0.37 4 1.95 0.03 0.78 1.52 1.09 2.13 0.33
3-Cl 0.37 4 1.52 0 . 0 2 0.78 1.18 1.37 2.08 0.34
4-Br 0.232 4 1.33 0.04 0.81 1.08 1 . 6 6 2 , 2 2 0.35
4-Cl 0.227 5 1.72 0 . 0 2 0.77 1.33 1.16 2 . 0 0 0.30
4-Cl 0.227 6 2.14 0.06 0.77 1.65 0.99 2 . 1 1 0.32
H 1 . 0 0 0.009
S-CHjf -0.069 7 None 0.17 None 0.72 1.18 0.85 -0.07
4 -CH3 -0.170 5 1.06 0.04 0.94 0.99 0.72 0.76 - 0 . 1 2
4-OEt^ -0.24 4 None 0 . 1 0 None 0.59 1.37 0.80 - 0 . 1 0
4 -OCH3 -0.268 5 0.94 0.03 0.97 0.91 1 . 0 1 0.95 - 0 . 0 2
4-N,N -0.83 5 2.24 0 . 1 2 0.61 1.38 0.96 2.15 0.33
Table 6 . Data from calibration and competit ion runs of styrene and various substituted
tion reaction. ^See Chapter I I I  for experimental details and sample calculations. 
"Standard deviation using N-1 weightings. ^Response factor. ^Uncorrected values 
due to technical d iff icu lties . 9By definition.
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authentic sample was collected and analyzed by NMR (see Table 7 ). The 
NMR sample was placed in a tarred flask (5 ml) and the solvent removed 
under vacuum (0.05 to rr )  fo r  1,0 hour or longer.
Another authentic sample of the substituted styrene adduct was pre­
pared as outlined above. This was analyzed by NMR and added to the
tarred f la s k  and the flask was placed under vacuum.
The gravim etrically determined samples were diluted with diethyl 
ether (1 ,0  ml) and used fo r ca lib ra tion . All values were corrected by 
a method reported by Pacer,
Sample Calculation
The isolated pure styrene adduct and pure substituted styrene 
analog were carefully  weighed, mixed, and diluted with diethyl ether. 
This standard calibration mixture was analyzed by GC and the area of 
each adduct was determined. The response factor, R,F., was calculated 
by the following equation in which the (area X/area H) term is the ra tio  
of the GC area of the standard samples of the substituted styrene adduct 
and styrene adduct, respectively. The (moles H/moles X) term is the
n r -  /Area x \  f Moles H 
" (Area H ) I Moles X
in i t i a l  moles of styrene adduct and moles of substituted styrene adduct
which were i n i t i a l l y  weighed. The R,F. reported in Table 6  is the
arithm etic mean of several re p e tit iv e  injections and calculations.
The (Px/^H^cor ra t io  of Tables 3 and 6  was determined fo r each of
the actual competition runs (the N term in the table is the number of
competi t ion  runs analyzed) according to the following equation, where
the area terms are the data obtained from the competition runs.
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Styrene adduct 61.00-2.35 (br m, 6 H), 63.05 (br s, 3 H).
65.45 (br s. IH ). 67.37 (s , 5H)
4-Methoxy adduct 61.00-2.35 (br m, 6 H), 63.05 (br s. 3H),
63.77 (s , 3H), 65.38 (br s. IH ), 66.84 (d.
J = 8 .0 , 2H), 67.21 (d, J = 8 .0 , 2H)
4-Methyl adduct 61.05-2.25 (br m, 6 H). 62.33 (2, 3H), 62.75-
3.10 (br s. 3H), 65.35 (br s, IH ), 67.12 
(s . 4H)
4-N,N-Dimethylamino adduct 61.05-2.53 (br m, 6 H), 62.95 (s, 3H), 62.97
(s, 3H), 65.21-5.45 (br s, IH ) ,  66.75 (d,
J = 9 .0 , 2H), 67.15 (d, J = 9 .0 , 2H)
4-Chloro adduct 61.10-2.30 (br m, 6 H), 62.92 (br s, 3H),
65.37 (br s, IH ),  67.22 (s, 4H)
3-Chloro adduct 60.65-2.30 (br m, 6 H), 63.00 (br s, 3H),
65.30-5.50 (br s, IH ) ,  67.22 (br s, 4H)
4-Bromo adduct 61.10-2.35 (br m, 6 H), 62.93 (br s, 3H),
65.25-5.51 (br s, IH ), 67.12 (d, J = 9 .0 ,  
2H), 67.48 (d, J = 9 .0 , 2H)
Table 7. NMR data fo r  7 -ary lb icyc lo [4 .2 .0 ]oct-l-enes .
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For example, a ca lib ration  sample fo r the 4-N,N-dimethylaminosty- 
rene adduct (0.00284 g. 1.25-10"^ mol) and styrene adduct (0.00288 g,
1.56*10  ̂ mol) was prepared. The area from GC was found to be 334524 
arb itra ry  area units fo r the 4-N,N adduct and 688910 units fo r the 
styrene adduct. Substitution of these values into the calibration  
equation gives an R.F. equal to 0.6075.
During the competition analysis for 4-N,N-dimethylaminostyrene and 
styrene the areas o f the adducts were found to be 416919 units and 
296998 un its , respectively. Substitution of these values into the 
second equation yie lds a corrected ra t io  o f 2.2870.
Subsequently, the x̂'̂ ’̂ hl^cor when multiplied by (1^/1%) ra t io  of 
the s tarting  styrenes in Table 6  y ie lds a re la tive  reac tiv ity  of 2.1903 
for the 4-N,N-dimethylami nostyrene and styrene competition reaction.
MNDO Calculations
All MNDO calculations and o rb ita l plots were performed on Program 
353 of the Quantum Chemistry Program Exchange, University of Indiana, 
Bloomington, IN 47405, and the University of Montana, DEC 2060 time­
sharing computer system.
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13 1 1 . 1 1 4 3 * 1 0 0 . 3 3 3 $ 8 2 . 8 0 2 * 5 4 3 1 3 3 . 8 1 6 3 1 0 . 0 2 9 3 2 1 . 4 6 9 6 9
M 1 1 . 1 1 5 8 * 1 0 0 . 6 1 5 4 - 2 5 5 . 9 5 9 * 7 6 2 1 4 3 . 3 3 7 2 9 - 1 . 6 0 6 2 5 - 1 . 0 7 7 2 0
15 1 1 . 1 1 3 2 * 1 0 9 . 7 1 1 * - 1 4 0 . 5 1 3 « 7 6 2 1 5 3 . 3 8 2 0 9 - 2 . 1 3 7 3 0 0 . 6 2 1 3 3
"O
CD
C/)
C/)
i O r i P U T A T l D N  T I M E  ■ 5 7 6 9 5 * 4 1  SECÜ NO b 
b(.F C A L C U L A T I O N S  = 3 8 2 1
MNDO output for tr ip le t  1,2-cyclohexadiene showing bond length, bond angle, and twist 
angle. The x, y, z coordinates are given in the last three columns. (Note: Atom number i 
is a "dummy" atom and does not affect the geometry or other parameters.)
-P*
